Results are presented for highly accurate ab initio variational calculation of the rotationvibration energy levels of H 2 O 2 in its electronic ground state. These results use a recently computed potential energy surface and the variational nuclear-motion programmes WARV4, which uses an exact kinetic energy (EKE) operator, and TROVE, which uses a numerical expansion for the kinetic energy. The TROVE calculations are performed for levels with high values of rotational excitation, J up to 35. The purely ab initio calculations of the rovibrational energy levels reproduce the observed levels with a standard deviation of about 1 cm −1 , similar to that of the J = 0 calculation as the discrepancy between theory and experiment for rotational energies within a given vibrational state is substantially determined by the error in the vibrational band origin. Minor adjustments are made to the ab initio equilibrium geometry and to the height of the torsional barrier. Using these and correcting the band origins using the error in J = 0 states lowers the standard deviation of the observed − calculated energies to only 0.002 cm −1 for levels up to J = 10 and 0.02 cm −1 for all experimentally know energy levels, which extend up to J = 35.
significant attention, both experimental and theoretical. For example it has been used as a benchmark system with large amplitude motion for testing different variational nuclear motion codes. [7] [8] [9] [10] [11] [12] [13] [14] [15] Very recently Ma lyszek and Koput 16 presented a highly accurate ab initio potential energy surface (PES) of HOOH which was shown to reproduce the known vibrational band origins with the average accuracy of 1 cm −1 . Other ab initio PESs of HOOH were reported by Harding, 17 Kuhn et al., 18 Senent et al., 19 and Koput et al. 20 Hydrogen peroxide has three important properties from the viewpoint of variational calculations.
Firstly, the large amplitude motion of the OH internal rotors that has already been mentioned.
Secondly, its relatively low dissociation energy of about 17,000 cm −1 has made H 2 O 2 a benchmark tetratomic molecule for experimental study of the dissociation process. 21 Thirdly, H 2 O 2 is a tetratomic system where variational calculations can really aid the analysis of spectra.
For triatomic molecules, accurate calculation of the rotation-vibration levels to high accuracy using variational nuclear motion methods has become routine. [22] [23] [24] For tetratomic molecules this process is just beginning; it is natural for initial high accuracy studies to focus on molecules with large amplitude motion such as ammonia 25, 26 and hydrogen peroxide.
The advantages of using variational calculations to assign vibration-rotation spectra of triatomic molecules has been demonstrated for several molecules. Initial studies focused on H + 3 27-29 and water, 30,31 systems for which the use of variational calculations to analyse spectra is now the accepted procedure. In particular, spectra involving hot molecules, and hence high rotational states, and large amplitude motion, such as H + 3 on Jupiter 27 and water on the Sun, 30 assignments using the traditional, effective Hamiltonian approach are almost impossible.
A significant advantage of variational calculations over effective Hamiltonian techniques is the automatic allowance for accidental resonances between vibrations. Whereas for most triatomic molecules such resonances become significant at fairly high vibrational energies, for tetratomic molecules accidental resonances can even make the analysis of low-lying vibrational states intractable using effective Hamiltonians. H 2 O 2 is a good example of this situation. Although H 2 O 2 spectral lines are strong and were first observed more than seventy years ago with spectrometers much less sophisticated then those available nowadays, 32 Recent advances in variational calculations suggest that they can be used for systems larger than triatomic. High accuracy variational calculations of the spectra and line lists for tetratomic molecules such as ammonia 26, 37, 38 have been performed. These NH 3 line lists have been used both for the assignment of transitions involving higher vibrational states, 39 hot rovibrational spectra involving high J levels 40 as well as for correcting and improving the analysis of more standard transitions. 26, 41 Numerical calculations of wavefunctions for high J states of tetratomic molecules are possible not only because modern computers have the ability to diagonalise larger matrices but also because, as illustrated below, the accuracy of calculations employing approximate kinetic energy operators 42, 43 becomes comparable with those using an exact kinetic energy approach. 44 While high J calculations within the exact kinetic energy approach are still computationally challenging for tetratomic molecules, calculations with J ∼ 50 are feasible with approaches such as TROVE. 43 Furthermore, the possibility of calculating ab initio dipole moment surfaces of extremely high accuracy 45 enhances the value of using variational calculations since they can also be used to create line lists. These factors raise the possibility of creating accurate line lists for H 2 O 2 . However, the presence of the large amplitude, torsional motion of the two OH fragments in H 2 O 2 complicates the problem. This requires an appropriate nuclear motion programme for calculation of the rovibrational energy levels by solving the corresponding Schrödinger equation; this programme should be able to compute high J levels within the limitations of the modern computers.
In this paper we compute high accuracy rovibrational energy levels going to high J for H 2 O 2 using the ab initio PES due to Ma lyszek and Koput. 16 To do this we test two nuclear motion programmes: the exact kinetic energy (EKE) programme WAVR4 46 and approximate kinetic energy programme TROVE. 43 It is shown that use of TROVE allows us to calculate very high J energy levels which are in excellent agreement with observation. The paper is organised as follows. Section 2 describes the modifications of the TROVE programme necessary to make it suitable for the calculation of spectra of such a nonrigid molecule. Section 3 describes the details of computations performed. Section 4 presents our results which is followed by the concluding section which discusses prospects for further work on this system.
Methods of calculation
The accuracy of a calculation of rovibrational energy levels depends first of all on the accuracy of the potential energy surface (PES) used as input to the nuclear motion Schrödinger equation. Until recently the most accurate PES for H 2 O 2 was the one due to Koput et al. 20 which gave a typical discrepancy between theory and experiment for vibrational band origins of about 10 cm −1 . 47 However, two of us 16 recently determined a very accurate PES computed using the explicitly correlated coupledcluster method [CCSD(T)-F12] method, 48, 49 in the F12b form 50 as implemented in the MOLPRO package. 51 Various correlation-consistent basis sets were used for various parts of the PES, the largest being aug-cc-pV7Z. The CCSD(T)-F12 results were augmented with the Born-Oppenheimer diagonal, higher-order valence-electron correlation, relativistic, and core-electron correlation corrections. The
where q i (i = 1, 2, 3) are the Simons-Parr-Finlan stretching OO and OH coordinates 52 q 1 = (R−R e )/R and q i = (r i − r e )/r (i = 1, 2), q 4 = θ 1 − θ e and q 5 = θ 2 − θ e are the two OOH bending coordinates, q 6 = τ is the torsional angle HOOH (see Fig. 1 Diatom-diatom HO-OH coordinates were employed in the programme WAVR4; these coordinates were one of those used to consider acetylene -vinylidene isomerisation. 54 The calculations used a discrete variable representations (DVR) based on a grid of 10 radial functions for each OH coordinate and 18 radial functions for the OO coordinate. The parameters used for OH stretch Morse-oscillator like functions were r e = 0.91Å, ω e = 2500 cm −1 and D e = 35000 cm −1 , and r e = 1.53Å, ω e = 1500 cm −1 and D e = 45000 cm −1 for the OO stretch. The bending basis set consists of coupled angular functions 46 defined by j max = l max = 22 and k max = 12. The resulting energy levels with J = 0 were within 0.1 cm −1 of the previous calculations, 16 see Table 2 . However for WAVR4 calculations of the same accuracy for levels with J = 1 require about 10 times more computer time. This is a consequence of the J -K coupling used in the EKE procedure. This coupling is essential for the linear HCCH system 54 and very floppy molecules, 44 but not for H 2 O 2 . The use of WAVR4 to calculate energies of high J levels is computationally unrealistic at present and we note that indeed corresponding studies on acetylene have thus far been confined to low J values. 55 TROVE is a computer suite for rovibrational calculations of energies and intensities for molecules of (at least in principle) arbitrary structures. TROVE uses a multilevel contraction scheme for constructing the rovibrational basis set. The primitive basis functions are given by products of six 1-dimensional (1D) functions φ i (ξ i ), where ξ i represents one of the six internal coordinates. For HOOH we choose ξ 1 , ξ 2 , and ξ 3 to be the linearized versions of the three stretching internal displacements R − R e , r 1 − r e , and r 2 − r e , respectively, ξ 4 and ξ 5 are the linearized versions of the two bending displacements θ 1 − θ e and θ 2 − θ e ; ξ 6 is the torsional coordinate τ , see Fig. 1 .
The kinetic energy operator in TROVE is given by an expansion in terms of the five coordinates ξ i , representing the rigid modes i = 1 . . . 5. The potential energy function is also expanded but using three Morse-type expansion variables 1 − exp(−a i ξ i ) (i = 1, 2, 3) and two bending coordinates ξ 4 and ξ 5 . Here a 1 = 2.2Å −1 , a 2 = a 3 = 2.3Å −1 were selected to match closely the shape of the ab initio PES along the stretching modes. In the present work we employ 6th and 8th order expansions to represent, respectively, the kinetic energy operator and potential energy function.
The rovibrational motion of the non-rigid molecule HOOH is best represented by the extended 56 which is isomorphic to D 2h (M) as well as to the extended group G(4)(EM). 57 As explained in detail by Bunker and Jensen, 57 the extended group is needed to describe the torsional splitting due both the cis-and trans-tunnelings. In the present work we use the D 2h (M) group to classify the symmetry of the HOOH states. This group is given by the eight irreducible The extended primitive torsion functions are able to account for the torsional splitting due to both the cis and trans tunneling.
The 6D primitive basis functions are then formed from different products of the 1D functions φ
The size of the basis set is controlled in TROVE by the so-called polyad number P , which in the present case is given by
where v i , i = 1 . . . 6 are the local mode quantum numbers corresponding to the primitive functions 
. The primitive basis set is then processed through a number of contractions, as described in detail previously, 37 to give a final basis set in the J = 0 representation.
Calculations using programme TROVE started with a search for a basis set and operator expansions which would give results close to the EKE ones. The final values of the basis set parameters were chosen to try to meet two conflicting requirements: the best possible convergence and a compact enough calculation to allow high J energy levels to be computed. The final basis set parameters were the following: the maximum polyad number P max = 42, which also corresponds to the highest excitation of the torsional mode v 6 . For O-O stretch the maximal number was 8, for OH stretches -8 and for the bending modes -10. These parameters control the size of the basis set used in the TROVE calculations according with Eq. (2). For the J = 0 levels they give good agreement with the previous studies, see Table 1 .
Results
The updated version of TROVE was used to calculate excited rotational levels for J up to 35, the highest assigned thus far experimentally. Initial calculations were performed with the equilibrium distances and angles obtained ab initio in Ref. 16 . In this case the discrepancies between theory and experiment increased quadratically with increasing J: the J = 1 levels were calculated with an accuracy around 0.001 cm −1 , but those for J = 35 differ from experiment by about 1 cm −1 .
We therefore chose to adjust the equilibrium parameters R e and r e to better reproduce the experimental values. Only very small changes were needed to make the J = 35 levels accurate to about 0.03 cm −1 for the ground vibrational state. In particular, the original value of R e of 1.45539378Å was shifted to 1.45577728Å and r e = 0.96252476Å moved to 0.96253006Å. The rotational structure within the excited vibrational states is of similar accuracy, meaning that these levels are essentially shifted just by the discrepancy in the vibrational band origin. In practice this geometry shift not only meant that low J energy levels were reproduced with an accuracy of 1 cm −1 , reproducing the accuracy of the vibrational band origin, but also resulted in pseudo-resonance artifacts. To illustrate this consider the interaction between the ground vibrational state and the low-lying v 4 = 1 torsional vibrational state, which lies about 2 cm −1 too low in the calculations. This results is an artificial closeness, and interaction, between levels with the same J and K a = 8 for v = 0 and K a = 6 for v 4 = 1. The resulting shift in the energy levels is significant; it grows with J and reaches about 1 cm −1 at J = 30. We call this a pseudo-resonance artifact since no such interaction is seen in the experimentally-determined energy levels.
There are several ways to avoid this artificial pseudo-resonances. One would be to fit the PES to experimental data, which would remove this artificial near-degeneracy. This is likely to be a topic of future work. An alternative possibility, which is already available within TROVE, 37 is to simply adjust the calculated values of the vibrational band origins given by the J = 0 calculation to the observed ones prior to their use in calculations of the J > 0 levels. This option, which is not available in EKE codes which couple the bending basis with the rotational functions, 60 not only shifts the energies, it also rearranges the matrix elements so that the artificial resonances disappear. With this adjusted calculation the energy levels vary smoothly with the increasing J and K a quantum numbers, see Tables 2, 6 and 8, as one would expect 61 from purely ab initio levels.
One other problem remained when comparing our rotationally excited energy levels with the observed ones. This concerned rotational levels with the quantum number K a = 1 which did not behave as levels associated with other values of K a . The error for the two levels with K a = 1 increases disproportionately to that of other levels as J increases. This error was about 0.1 cm −1 for J = 30. A series of test calculations revealed the reason for such discrepant behaviour of the levels with K a = 1.
It transpires that a small change in the height of the torsional barrier, which is strongly influenced by the linear expansion coefficient c 000001 , does not affect other K a levels, but significantly influences only those with K a = 1. Varying this expansion coefficient can both increase and decrease the splitting of the K a = 1 doublet. As this splitting is overestimated in calculations using the ab initio value of c 000001 , its reduction by about 1 % from the ab initio value of 0.00487 to 0.00483 E h results in roughly a fourfold improvement of the obs -calc value for the K a = 1 levels. This change affects the value of the ground-state torsional splitting of 11 cm −1 and also the values of the other torsional energy levels, all of which move significantly closer to the observed values, than the purely ab initio levels given in the Table 1 
Conclusions
We present results of ab initio and slightly adjusted ab initio calculations for the vibrational and There is one other important aspect of the H 2 O 2 rotation-vibration problem which we should mention. The detection of extrasolar planets and, in particular, our ability to probe the molecular composition of these bodies using spectroscopy, 63 has led to demand for accurate, comprehensive line lists over an extended range of both temperature and wavelength for all species of possible importance in exoplanet atmospheres. 64 The accuracy of the calculations presented here and, especially their ability to reliably predict highly excited rotational levels which are of increasing importance at higher temperatures, suggests that the present work will provide an excellent starting point for the calculation of a comprehensive line list for H 2 O 2 . In this we will be following the recent work of Bowman and co-workers who have computed similar line lists for somewhat more rigid hydrocarbon systems. 65, 66 
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